Study on molecular mechanism of conformational reorientation of RXR-alpha ligand binding domain is presented. We employed CABS-a reduced model of protein dynamics to model folding pathways of binding 9-cis retinoic acid to apo-RXR molecule and TRAP220 peptide fragment to the holo form. Based on obtained results we also propose a sequential model of RXR activation by 9-cis retinoic acid and TRAP220 coactivator. Methodology presented here may be used for investigation of binding pathways of other NR/hormone/cofactor sets.
Introduction
Nuclear hormone receptors (NR) are ligand-activated transcription factors regulating the expression of target genes [1] . They play widespread and important roles in development, metabolism, homeostasis and disease [2, 3] . Retinoid X Receptor (RXR) occupies a central position among other nuclear receptors and plays a crucial role as universal heterodimerization partner for many other members of NR superfamily [4] . Its natural ligand-9-cis retinoic acid activates RXR by binding to a pocket located in RXR's ligand binding domain (LBD). Investigation of crystallographic structures of holo and apo forms of RXR-alpha's LBD show significant structural reorientation of the receptor upon ligand binding. Usually nuclear receptors are investigated in respect of their interaction only with primary ligands [5] [6] [7] , but they also form complexes with other molecules. In holo-form NRs bind with various cell-specific coactivators, which link receptor with the RNA polymerase II-a gear in transcriptional mechanism, while in apo-form NRs form complexes with co-repressors and act as transcriptional suppressors. Abundance of functions of different nuclear receptors and structural similarity between them at the same time makes the NR class very promising pharmacological target. 
Materials and methods
Two crystallographic structures of RXR-alpha LBD were analyzed. 1lbd is a structure of monomeric apo form [8] and 1xdk holds the structure of holo-RXR-alpha/holo-RAR-beta heterodimer, liganded by 9-cis retinoic acid and bound to 13 amino acid long peptide-TRAP220 coactivator fragment containing LXXLL motif [9] . RXR residues were divided into four separate classes: ligand active site, cofactor active site, structurally conserved residues and others ( Fig. 1) . Residue was marked as ligand active site if any of its heavy atoms was located within 4.5 Å radius from any of ligand's heavy atoms. Analogues procedure was used to find cofactor active site. Global distance test (GDT) was calculated on 1lbd and 1xdk structures to find fragments that are highly structurally conserved in both structures. GDT cutoff was set to 0.35 Å in order to match the accuracy of casting the structures to the lattice used in CABS model. Residues previously marked as either ligand or cofactor active site were excluded from the conserved residues set. Table 1 presents comparison between these residue classes.
CABS is a reduced model of protein dynamics and thermodynamics, which proved to be extremely effective in various modeling tasks, such as comparative modeling [10, 11] , protein fragment reconstruction [12] , modeling of folding pathways [13] [14] [15] and protein docking [16, 17] . CABS stands for C␣(CA), C␤(B) and united pseudoatom located in the center of mass of the side chain (S), which are the only interaction centers. Positions of C␣ atoms are restricted to simple cubic lattice, with spacing equal to 0.61 Å, while remaining atoms are located off the lattice. Sampling is controlled by Replica Exchange Monte Carlo (REMC) scheme [18] . Force field was derived from statistical analysis of regularities found in known protein structures. It consists of generic terms and biases forcing very flexible C␣-trace to behave in protein-like manner and context-dependant pairwise potentials for side chains' interactions. CABS has been fully automated and integrated with user-friendly interface and data processing/analysis tools [19, 20] in modeling platform SPMP, commercially available from Selvita Life Sciences Solutions (http://selvita.com) Command-line version of CABS is available for non-commercial users on our website (http://biocomp.chem.uw.edu.pl). Detailed description of the CABS model was presented earlier [21] .
CABS was used to model five molecular transformations which RXR molecule does or hypothetically may undergo. In all five cases receptor molecule consisted of residues 225-462 (238 residues) and in all simulations but first (where only structure of the receptor was modeled) cofactor molecule consisted of residues 641-651 (11 residues). Secondary structure was assigned to all residues in the following way: DSSP [22] was run on both 1lbd and 1xdk structures, whenever secondary structure assignment for 1lbd agreed with the one for 1xdk it was also assigned to the modeled residue, otherwise RMSD (root mean square deviation) is defined as square root of averaged distances between corresponding atoms in two sets. GDT (global distance test) is defined as a number of residues in a subset, for which RMSD is below given threshold, divided by total number of residues. secondary structure was set to coil for that residue. All simulations were run with the same force field parameters set, in the same temperature and for the same number of cycles. Brief description of all five runs is presented below.
Run I (reorientation of the receptor in the presence of the ligand)
Starting structure of the receptor was taken from 1lbd. Conformational flexibility of the residues marked as conserved ( Fig. 1) was strongly restricted by a network of distance restraints imposed on Ca atoms. Distances were measured in both 1lbd and 1xdk structures and subsequently averaged. Similarly, residues marked as ligand active site were restrained as well, but this time only distances from 1xdk were used. This was done to indirectly reflect the presence of the ligand in the binding pocket, since CABS is so far capable of handling only protein molecules. Rest of the residues was left unrestrained.
Run II (cofactor binding to the receptor-ligand complex)
Starting structure of the receptor was taken from 1xdk. Set of distance restraints imposed on the receptor was the same as in the first run. Initial cofactor conformation was random. Moreover the cofactor molecule was shifted away 15 Å from the receptor surface in respect to the 1xdk structure (all cofactor atoms were shifted by a 15 Å-long vector pointing from receptor's center of gravity (COG) to cofactor's COG). No structural restraints were imposed on cofactor structure. Fig. 2 . Modeling scheme used in current work. Complete process is automated and controlled by user-configured scripts. Initial structure of the receptor was the same as in the first run and the cofactor structure was the same as in the second run. Identical set of restraints was used as in the first two runs.
Run IV (cofactor binding to the receptor in apo form)
Initial structures of both receptor and cofactor were the same as in the third run, but distance restraints imposed on active site residues were derived from 1lbd.
Run V (holo to apo transformation upon ligand dissociation)
Initial structures of both the receptor and the ligand were taken from 1xdk, but distance restraints imposed on active site residues were derived from 1lbd.
Simulation conditions of all five runs are summarized in Table 2 . Every run consisted of ten separate iterations differing only by random seed. Every iteration produced 1000 models to sum up to total 10 000 models per run. These models were grouped together by their mutual similarity in two-stage hierarchical clustering procedure [23] -first within 1000 models produced in individual iterations, next medoids of the clusters found in the first stage were clustered again. Medoids of top three biggest clusters were further refined: first reconstructed to all-atom representation using BBQ [24] and SCWRL3.0 [25] and energy-minimized in empirical force field Amber99 [26] . Final model for each run was selected according to the final energy after the minimization [27] . Scheme of the described methodology is presented in Fig. 2. 
Results and discussion

Run 1 (reorientation of the receptor in the presence of the ligand)
The process of receptor reorientation was modeled with high accuracy, as confirmed by RMSD between top-ranked model and 1xdk structure in all categories. Cofactor binding site was modeled with 1.97 Å accuracy in respect to the 1xdk structure, which suggests, that additional to ligand-induced conformational adjustment is required upon binding with the cofactor.
Run 2 (cofactor binding to the receptor-ligand complex)
RMSD between top-ranked model and 1xdk structure calculated on all residues is below 0.8 Å. Additional adjustment in the cofactor binding site is reflected in RMSD decrease to 0.70 Å in that region, when compared to the model obtained in the first run. This suggests that hormone and cofactor activate the receptor sequentially rather than simultaneously. Although generally low RMSD on the complete structure (2.38 Å), in this run top-ranked model had incorrect orientation of the docked cofactor (RMSD on the cofactor after superposition of the receptor with 1xdk structure was over 10 Å). Furthermore, cofactor itself was in wrong conformation (RMSD 2.17 Å in respect to the 1xdk). The shape of the cofactor binding site was deformed as well (RMSD 1.41 Å). This is another premise suggesting sequential binding of the ligand/cofactor molecules.
Run 4 (cofactor binding to the receptor in apo form)
In this case receptor remained in its apo form, which inactivated it for cofactor reception as shown by high RMSD values.
Run 5 (holo to apo transformation upon ligand dissociation)
This case was run to model holo to apo transformation upon ligand dissociation. Indeed shape of both ligand and cofactor active sites has changed significantly. Also cofactor structure and location have been changed. However, apo form was not reconstructed completely-final model shows some structural similarities to both apo and holo forms (RMSD 5.38 Å and 4.76 Å respectively).
In runs I and II the process of binding the ligand and subsequently the cofactor was modeled with great accuracy. At the same time runs III and IV demonstrate that different sequence of binding leads to wrong conformations of final structures. RMSD values are presented in Table 3 . Initial and final structures from all simulations are shown in Fig. 3. 
Conclusions
We present a methodology for investigation of receptor-cofactor binding mechanisms. Case study included prediction of binding TRAP220 coactivator to RXR-alpha receptor in both holo and apo forms, in simultaneous with the ligand, or sequential order. Also ligand-activated apo-holo transformation was investigated. Obtained results remain in agreement with experimental data (crystallographic structures), therefore similar procedure may be applied to investigation of binding pathways in other NR/hormone/cofactor complexes. We also propose a two-stage sequential mechanism of RXR-alpha activation by 9-cis retinoic acid and TRAP220 coactivator, as this matter still remains unresolved. We hope that methodology presented here may find wide spectrum of applications as it provides fast and inexpensive alternative to experimental techniques.
